supports the hypothesis that the integumentary structures in Ornithischia, already described in Psittacosaurus (12) and Tianyulong (13), could be homologous to the "protofeathers" in non-avian theropods. In any case, it indicates that those protofeather-like structures were probably widespread in Dinosauria, possibly even in the earliest members of the clade. Further, the ability to form simple monofilaments and more complex compound structures is potentially nested within the archosauromorph clade, as exemplified by Longisquama (23), pterosaurs (24), ornithischians, and theropods (including birds).
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In higher eukaryotes, transfer RNAs (tRNAs) with the same anticodon are encoded by multiple nuclear genes, and little is known about how mutations in these genes affect translation and cellular homeostasis. Similarly, the surveillance systems that respond to such defects in higher eukaryotes are not clear. Here, we discover that loss of GTPBP2, a novel binding partner of the ribosome recycling protein Pelota, in mice with a mutation in a tRNA gene that is specifically expressed in the central nervous system causes ribosome stalling and widespread neurodegeneration. Our results not only define GTPBP2 as a ribosome rescue factor but also unmask the disease potential of mutations in nuclearencoded tRNA genes.
I n higher eukaryotes, the nuclear genome typically contains several hundred transfer RNA (tRNA) genes, which fall into isoacceptor groups, each representing an anticodon (1) . Relative to the total number of tRNA genes, the number of isodecoders-i.e., tRNA molecules with the same anticodon but differences in the tRNA body-increases dramatically with organismal complexity, which leads to speculation that isodecoders might not be fully redundant with one another (2) . Overexpression of reporter constructs with rare codons that are decoded by correspondingly low-abundance tRNAs in bacteria and yeast, or mutations in single-copy mitochondrial tRNA genes, may result in stalled elongation complexes (3) (4) (5) . However, the consequences of mutations in multicopy, nuclearencoded tRNA isodecoder genes or in the surveillance systems that eliminate the effect of such tRNA mutations are not known in higher eukaryotes.
The nmf205 mutation was identified in an N-ethyl-N-nitorosurea mutagenesis screen of C57BL/6J (B6J) mice for neurological phenotypes (6). B6J-nmf205 -/-mice were indistinguishable from wild-type mice at 3 weeks of age but showed clear truncal ataxia at 6 weeks (movie S1). Mice died at 8 to 9 weeks with severe locomotor deficits. Progressive apoptosis of neurons in the inner granule layer (IGL) in the mutant cerebellum was initially observed between 3 and 4 weeks of age ( Fig. 1, A to H) . Apoptosis of mutant granule cells in the dentate gyrus, CA2 pyramidal neurons, and layer IV cortical neurons occurred between 5 and 8 weeks of age (Fig. 1, I and J, and fig. S1 , A to H). Further, many neurons in the retina-including photoreceptors and amacrine, horizontal, and ganglion cells-degenerated during this time (Fig. 1, K and L, and fig. S1 , I to T).
Histological analysis of other organs did not reveal obvious pathology nor was neurodegeneration observed in mice heterozygous for this mutation. We identified the nmf205 mutation as a point mutation in the consensus splice donor site of intron 6 of Gtpbp2 that results in misspliced mRNAs with premature stop codons ( fig. S2 ). Accordingly, Western blot analysis of mutant cerebellar extracts failed to detect GTPBP2 ( Fig. 2A) . Complementation tests using nmf205 mice and mice with a targeted deletion of Gtpbp2 confirmed that loss of Gtpbp2 results in neurodegeneration ( fig. S3 ).
GTPBP2 shares domain homology with a translational guanosine triphosphatase family that is characterized by the no-go and nonstop decay pathways ribosome-recycling protein Hbs1 and the eukaryotic release factor eRF3, which bind Dom34 and eRF1, respectively ( fig. S4A) (7) (8) (9) . Although no interaction was observed between GTPBP2 and eRF1 in coimmunoprecipitation assays, Pelota (the mammalian Dom34 homolog) was immunoprecipitated by GTPBP2 (Fig. 2B ). The glutathione S-transferase-GTPBP2 fusion protein (GST-GTPBP2) also pulled down Pelota from brain extracts, which demonstrated that GTPBP2 can interact with endogenous Pelota (Fig. 2C ). Affinity capture of bacterially expressed GTPBP2 by Pelota demonstrated that these proteins directly interact (Fig. 2D) .
Analysis of mice from our mapping cross and B6J.BALB Chr1 congenic mice revealed that homoor heterozygosity for a BALB/cJ-derived locus (Mod205) on distal chromosome 1 suppressed neurodegeneration in nmf205 -/-and Gtpbp2 S5 ). Mutant mice carrying this BALB locus routinely survived to 18 months or longer. Further analysis of multiple other inbred strains including C57BL/6NJ (B6N) suggested that neurodegeneration in B6J-nmf205 -/-mice is likely due to an epistatic mutation in the B6J strain (table S1) . One single-nucleotide polymorphism (SNP) in the Mod205 region, rs46447118, was determined to be a T in the B6J genome but a C in all other tested strains ( fig. S6A ). This SNP resides at nucleotide 50 in the stem of the T loop of n-Tr20, one of five isodecoders of the nuclear-encoded tRNA Arg UCU family ( fig. S6, B and C) . Orthologs of n-Tr20 are widely found in both vertebrates and invertebrates ( fig. S6D ). We assayed n-Tr20 aminoacylation and found that the majority of this tRNA was charged in the B6N brain, but very low levels were observed in B6J (Fig. 3A) . Mutations in the T stem of tRNAs have been shown to affect pre-tRNA processing and function (10, 11) . In agreement, a 105-nucleotide (nt) band was detected in the B6J brain, which was confirmed to be the pre-tRNA retaining the leader and trailer sequences ( Fig. 3B and fig. S7A ). In wild-type brains, the pre-tRNA is 115 nt, which suggests the C-to-T mutation changes the length of the primary transcript. Examination of n-Tr20 processing in reciprocal congenic strains confirmed that this mutation underlies the observed maturation defect ( fig. S7B ).
To confirm that loss of mature n-Tr20 underlies neurodegeneration in B6J-nmf205 -/-mice (which are mutant for both Gtpbp2 and n-Tr20), B6J mice transgenically expressing wild-type n-Tr20 and harboring the nmf205 mutation (Tg; nmf205 At 6 months of age, neuron death was greatly attenuated in the brain and retina (Fig. 3C) . Although Gtpbp2 is widely expressed ( fig. S4B ) (12, 13) , pathology in mice lacking this gene is restricted to the CNS. In contrast to other members of the tRNA Arg UCU family, expression of n-Tr20 and its human ortholog were surprisingly confined to the CNS (Fig. 3D and fig. S8, C and D) . In addition, overall expression of the tRNA Arg UCU isodecoder family was higher in the CNS than in other tissues (Fig. 3D) . Compared with levels of processed n-Tr20 in age-matched B6N brains, which show steady postnatal expression, levels in the B6J brain fell from 50% of B6N levels at postnatal day 0 (P0) to 19% by P30 (Fig. 3E) , and a concomitant increase in immature n-Tr20 was also observed. Although B6J brains have a slight increase in expression of the other members of the tRNA Arg UCU family, a dramatic reduction in the B6J total tRNA Arg UCU pool was observed, which demonstrated that n-Tr20 normally makes up~60% of the expression of this isodecoder family (Fig. 3F and fig. S9 ). Spatial differences in processing of mutant n-Tr20 were also observed within the B6J brain with significantly lower levels of processed and higher levels of unprocessed n-Tr20 in the cerebellum compared with the cortex and hippocampus (Fig. 3G) . Together, these data define a CNS-specific tRNA in which levels of mature transcript correlate with the onset and severity of cell death in Gtpbp2-deficient mice.
We hypothesized that the n-Tr20 mutation causes ribosome stalling at AGA codons that is exacerbated in the absence of Gtpbp2. To test this, we generated ribosome-profiling libraries from cerebella of 3-week-old B6J (n-Tr20 mutant), B6J.B6N n-Tr20 (n-Tr20 wild-type), B6J-nmf205
; n-Tr20 mutant), and B6J.B6N
; n-Tr20 wild-type) mice (14-16). We calculated the pause strength for each codon in the ribosome A site for every gene (figs. S10 to S14). Consistent with prior studies, we observed thousands of strong pauses (P of ≥10 standard deviations above background), including a SCIENCE sciencemag.org 25 well-studied pause in Xbp1, in each genotype (Fig. 4, A and B; fig. S15A ; tables S2, A to H; and table S3) (16, 17) . However, no significant differences in pause number occurred between genotypes.
We then determined the number of pauses at AGA codons (Fig. 4C and fig. S15B ). In the B6J. B6N
n-Tr20 and B6J.B6N
n-Tr20
; nmf205 -/-cerebellum, few strong AGA pauses were observed ( Fig. 4D and tables S2, I to P). Demonstrating the effect of impaired n-Tr20 processing, a threefold increase in strong AGA pauses was observed in the B6J
cerebellum. However, the number of AGA pauses increased dramatically in the B6J-nmf205 -/-cerebellum (Fig. 4, D and E, and fig. S16 ). Although only a limited number of AGA codons exhibited strong pausing (P ≥ 10), strong pause sites and scores overall showed significant concordance in biological replicates (18) (fig. S14 and table S4 ). Gene ontology analysis of transcripts with strong pauses in the B6J-nmf205 -/-cerebellum showed enrichment for translation-related genes, among others (table S2Q) .
Reads at AGA codons in B6J and B6J-nmf205
-/-cerebella were 1.6 and 2.8 times background expectations, respectively, whereas unusual AGA pausing was not observed in cerebellar libraries from B6J.B6N n-Tr20 and B6J.B6N
; nmf205
-/-mice (Fig. 4F) . To determine whether the increase in ribosome pausing in the B6J and B6J-nmf205
-/-mice is specific to AGA codons, we compared codon frequency at (P ≥ 10) pause sites to the overall codon usage in transcripts. Although minor deviations were observed for several other codons, the strain-specific AGA effect was much larger than any other effect, which demonstrated that the increase in ribosome pausing during translation in the B6J and B6J-nmf205 -/-cerebellum occurs specifically at AGA codons (Fig. 4G ).
Our data demonstrate that loss of function of a nuclear encoded tRNA induces ribosome stalling that is normally resolved by GTPBP2 ( fig. S17 ). Note that Hbs1l, another ubiquitously expressed Pelota-binding partner, does not rescue neurodegeneration in the absence of GTPBP2, which is consistent with nonoverlapping functions of these proteins ( fig. S4B) (19) . In addition, the tissue-specific expression of n-Tr20 suggests that the regulation of individual isodecoder tRNAs may enable translational regulation in mammals. Further, our finding of a pathogenic mutation in one isodecoder of a five-member gene family underlines the possible deleterious consequences of epistatic mutations in individual members of cytoplasmic tRNA genes that could affect the readout of other mutations, including synonymous SNPs. Finally, these data also emphasize the potential for regulation and disease of mutations in individual members of multicopy gene families.
